A unique hydrogel has been synthesized using supramolecular polyrotaxane as the starting material. Sparsely dispersed α-cyclodextrins threaded into long polyethylene glycol axle (Mw=35000) trapped with a stable capping agent, 1-adamantanamine of polyrotaxane (PR) unit was used for this purpose. The modification of the hydroxyl groups of α-CDs of the PR by a vinyl monomer containing an active isocyanate group at one end resulted in the formation of a stable carbamate bond with hydroxyl groups to give the modified polyrotaxane based cross-linker (MPR). Polymer gels were designed using MPR as a cross-linker and N-isopropylacrylamide, NIPA as a monomer and transparent, very soft, flexible, fast responsive and mechanically improved polymer gels could be obtained. The polymer chains can slide and rotate about the movable cross-linker in the gel network, which potentially improves the properties of the gels over conventional chemically cross-linked polymer gel.
INTRODUCTION
Stimuli responsive polymers are fascinating materials of current research and have a high potential for diverse areas such as, biomedical applications, smart sensors and actuators etc. Polymers of this variety responds interestingly to an infinitesimal change in the environment, such as, change in temperature, pH, solvent, ionic composition, electric field and light etc. 1 Research to-date includes numerous studies on such polymers; however, temperature responsive poly(N-isopropylacrylamide), poly(NIPA) has been the mostly studied representative of polymer of this kind. Poly(NIPA) chains in water have a lower critical solution temperature (LCST) of 31~34 o C. Below the LCST, poly(NIPA) chains have hydrated long flexible coil conformation, which renders into a dehydrated aggregated globular conformation above the LCST to bring about an abrupt volume change in the poly(NIPA) gel around LCST. 2 Polymer gels, based on the cross-linking points, can be classified into two distinct categories: physical and chemical gels. 3 While physical interactions, such as ionic, hydrophilic, and hydrophobic interactions and formation of micro-domains, helices, and microcrystallines are responsible for physical gels; fixed covalent bonds between cross-linker and the polymer chains lead to the formation of chemical gels. The ability of physical gels to reorient non-covalent cross-link points at the deformed state causes change in the original network structure under deformation. In contrast, as deformation is brought into the chemical gels, the fixed cross-links can not avoid the localization of the stress and the gel soon loses its mechanical integrity.
Innovation of an unique stimuli-sensitive gel, which would be able to exhibit reversible stress relaxation via the reorientation of non-covalent cross-link points without loss of original network structure, properties and mechanical integrity under deformation, has long been the dream of gel scientists.
Recently Ito et. al. have successfully realized the concept of movable cross-links 4 to materialize sliding gels 5 using supramolecular architecture of polyrotaxane. [6] [7] [8] The gels of this kind are assigned as intermediates between two well known gels and bring radical improvements in physical properties of polymer gels. 9 The long and complicated processes are, however, not always suited for achieving such polymer gels for a wide variety of polymers. Even the difference in host-guest relationships for different polymers and macrocycles places blocks in realizing polyrotaxane architecture for a variety of polymer chains to design sliding gels.
In this study, we aim at introducing sliding phenomenon into the conventional stimuli responsive polymer gel networks to have polymer gels with intriguing mechanical properties using a facile and universal approach. Modified polyrotaxane architecture has been used as a movable cross-linker for this purpose where the Scheme 1. Schematic representation of the formation of movable cross linker and its gelation. For the sake of clarity only a few cross-link points are depicted in the scheme. active vinyl modified cyclic molecules along with polymer chains are capable of sliding and rotating about the polymer axle in the free state and with the covalently cross-linked polymer chains even in the gel state.
MATERIALS Polyrotaxane, PR (Advanced Soft Materials
Inc., Japan), N,N'-methylene-bis-acrylamide, BIS (Acros Organics), 2,2'-azobisisobutyronitrile, AIBN (Kanto Chemical Co.), dibutyl tin dilaurate, DBTDL (Tokyo Kasei Kogyo Co.), butylhydroxyltoluene (Tokyo Kasei Kogyo Co.) and Karenz AOI (Showa Denko K. K.) were used without further purifications. NIPA (Kohjin Co.) was purified by recrystallization from toluene/ n-hexane. All other chemicals were of reagent-grade and used as received. Milli-Q ultra pure water was used throughout the experiments.
RESULTS and DISCUSSION
Polyrotaxane (PR), consisting of α-CD, poly(ethylene glycol) carboxylic acid (PEG) (Mw =35000), and a capping agent, 1-adamantanamine was purchased from Advanced soft materials inc., Tokyo, Japan and was used throughout this study without further purifications. Sliding motion of macrocycles in the polyrotaxane through the long PEG chain was ensured by using sparsely dispersed α-CD and where the inclusion ratio was 26%. 10 The total number of threaded α-CDs per molecule of PR unit, estimated from 1 H-NMR spectrum by the comparison of the integration of PEG and that of α-CD, was ca. 103. The detail synthetic route of PR is reported in the literature. 8 2-Acryloyloxyethyl isocyanate (AOI) having both isocyanate and vinyl end groups in its parent structure was used as a modifier. The isocyanate group of AOI reacts with the hydroxyl group of the PR through the formation of carbamate bond to develop the modified polyrotaxane cross-linker and we denoted it as MPR. The degree of substitution, (DS) (0 ≤ DS ≤ 18), i.e., the average number of substituted hydroxyl groups per α-CD unit of the MPR was determined from the 1 H-NMR spectra is 8.4. In the FT-IR spectrum, the broad peak of hydrogen bonded -NH vibration at ~3500 cm -1 and a sharp peak of -CO vibration at ~1725 cm -1 provide the structural confirmation of MPR. 11 Rotaxane-poly(NIPA), RNx gels were prepared by conventional free radical polymerizations of NIPA in presence of MPR as a cross-linker. In the pre gel solutions the concentrations of NIPA monomer were kept constant at 2.0 M, but the quantity of MPR were varied from 0.80 to 4.0 wt% (Table I) . Typical poly(NIPA), TNx gels were also prepared under identical conditions using varying amount of N, N'-methylene-bis-acrylamide, (BIS) (20 to 100 mM) as a cross-linker and were used as references against the RNx gels (Table I ). The letter 'x' indicates the samples number which varies with cross-linkers amounts. Figure 1a shows the swelling behaviors of RNx gels in water as a function of temperature. A sharp volume change of the gels are observed around 32 o C in a similar fashion of the TNx gels. Moreover, in analogous to TNx gels (data not shown), the volume of the RNx gels can precisely be controlled by the initial amounts of the cross-linker, MPR in the pre-gel solutions. Below the LCST, the volume of the gels increases gradually with decrease in MPR amounts. In contrast, no abrupt volume change with temperature is observed for any of the RNx gel in DMSO (Figure 1b ) and the gels maintain their constancy in volume throughout the temperature range. Furthermore, the volume of the RNx gels decrease with increase in cross-linker amount. These swelling behaviors indicate that RNx gel networks must be formed by the reaction between cross-linker and polymer chains, and the presence of aggregation or physical interactions may be negligible about the effect on the volume. To clarify the effect of the cross-linker MPR on the deswelling kinetics and the mechanical stability of the poly(NIPA) gel, RN2 gel and TN1 gel with superimposable degree of swelling behaviors in DMSO and water were used as samples. Figure 2a represents the optical micrographs of morphological changes of cylindrical RN2 and TN1 gels after a sudden temperature change from 20 to 40 o C in water. When the temperature is suddenly changed across the LCST of the gels, the RN2 gel changes its volume isotropically without creating any bubble on the gel surface. In contrast, the TN1 gel changes its volume quite irregularly by the formation of bubble on the gel surface and the number of bubbles is inversely proportional to the amount of the cross-linker. Figure 2(b) demonstrates the kinetic changes in the volumes of the RN2 and the TN1 gels in water after a temperature jump. The RN2 gel quickly reaches to a certain volume which is very close to the equilibrium shrunken volume, while the TN1 gel requires prolonged aging at 40 o C. Although the transparent RN2 gel turns to opaque after a temperature jump indicating the heterogeneity of gel at that condition. The poor water solubility of MPR at high temperature in the RN2 gel network might responsible for this characteristic behavior. The presence of covalently bonded fixed cross-linked points in TN1 gels, the polymer chains cannot disperse the experienced tension to the whole networks at high temperatures. The cross-linked poly(NIPA) chains of the TN1 gel forms a phase separated globular structure and the fixed cross-linking facilitates to form an dense skin layer on the surface. As a result, water molecules cannot come outside through this impermeable skin layer and several relaxation points appear during shrinking (inset of Figure  2b ). On the other hand, in the RN2 gel two possible types of flexible poly(NIPA) chains must be attached onto the multifunctional polyrotaxane cross-linker, one is one end attached or dangling free polymer chains and other is cross-linked polymer chains. These dangling free polymer chains as well as cross-linked polymer chains have less mechanical constraints, high degree of freedom and fast response to the environmental stimuli. As a result, at high temperature the micro and macro level spatial inhomogeneities and local stresses inside the RN2 gel can automatically be homogenized and relaxed by a movement of the mobile cross-links points. Hence, the RN2 gel shrinks before forming any impermeable skin layer on the gel surface and brings about homogeneous and fast change in the volume after a sudden temperature jump.
The DS of the cross-linker MPR has a diminutive effect on the swelling ratios of RN gels in water as far as we studied. At low temperature, the RN2 (DS = 11.1) gel displays slightly lower swelling ratio than the RN2 (DS = 8.4) gel but above the LCST the volume of the (Figure 3 ). Due to the presence of larger amount of polymer chains attached per polyrotaxane unit in the RN2 (DS = 11.1) gel networks, the possibilities to form entangled polymer clusters are high enough which reduces the swelling ratio to some extent at low temperatures. Above the LCST, the presence of the entangled polymer may obstruct the fully contracting of the polymer chains. On the other hand the mechanical properties of the gels are significantly varied from each other (not shown here). In DMSO, the storage moduli, E' and loss moduli, E" values of the RN2 (DS = 8.4) gel in the entire frequency ranges are lower than those of the RN2 (DS = 11.1) gel, which implies that the RN2 (DS = 8.4) gel is softer and more flexible. Due to low polymer density in the unit area of the RN2 (DS = 8.4) gel, the polymer chains must possess more degree of freedom via the movement of the movable cross-links and give low moduli value in the strain controlled dynamic frequency sweep test. Figure 4 represents the effect of 0.1M NaOH (aq) solution on the swelling ratio of the RN3 hydrogel. At low temperature the RN3 gels (after equilibrating the gel with 0.1M NaOH (aq) solution) exhibits higher swelling ratio than in water and the volume phase transition temperature also shifts to a higher value. This is ascribable to the increase in the dispersity of the macrocycles as well as reduction in the hydrophobic interactions.
The proton of unmodified hydroxyl groups of the cross-linker MPR could exchange by sodium ions and therefore the electrostatic interactions among the ions not only increase the dispersity of the macro-cycles along with polymer chains but also reduce the hydrophobic interactions of the RN3 gel networks. 12 It has been reported in our earlier study 11 that the RN2 gel is, more liquid-like, soft, flexible, and mechanically strong than the TN1 gel and the softness or hardness of the RNx gel can be precisely controlled only by changing the cross-linker density in the pre-gel solution or temperature. Indeed, the characteristic sliding and rotating ability of the cross-linked polymer chains gives a very soft, highly deformable and mechanically stable RNx gels. On the other hand, the covalently bonded fixed cross-links of the TNx gel network cannot maintain its mechanical integrity at the micro and macro level.
CONCLUSION
In summary, we report here the synthesis of a new movable cross-linker. In the gel network, the cross-link points can slide and rotate with polymer chains, which potentially improve the mechanical properties and deswelling rate of the gel over conventional chemically cross-linked polymer gels. The gel may widely be used in the field of biomedical applications, smart sensors and actuators.
